Ex vivo embryonic liver explant culture is a novel and attractive approach to obtain abundant hepatic and hematopoietic stem cells. Gene therapy of autologous hepatic and hematopoietic stem cells represents an alternative therapeutic approach to liver transplantation for genetic and metabolic disorders. In this study we characterize the growth and differentiation of hepatic stem cells utilizing embryonic liver cultures. Day 9.5 liver buds are microdissected and cultured under specific conditions. Modulation of growth conditions by addition of hepatocyte growth factor, Flt-3 ligand, and stem cell factor leads to enrichment of hepatic progenitor cells in embryonic liver explants. Under these conditions, we also demonstrate the role of a novel marker PRAJA-1 to identify hepatic stem cells and transitional hepatocytes. Utilization of dexamethasone enhanced pseudolobule formation with increased hepatocytic and biliary differentiation. Transforming growth factorβ leads to enrichment of biliary cells in the culture. Gut formation is enhanced in the presence of interleukin-3 and blood formation by increasing the mesodermal tissue in these cultures. We also show increased retroviral-mediated expression of the green fluorescent protein expression in the expanded hepatic and hematopoietic stem cells under different culture conditions. Thus, the embryonic liver explant culture is an attractive source for hepatic progenitors and is a possible step towards generating nontumorigenic immortalized hepatocytes with possible transplantation applications.
INTRODUCTION
tions with mesoderm (12, 16, 18, 22, 25) . Hepatic determination occurs at about the 5 somite stage in endoderm from the ventral foregut and requires contact with car-Transfer of genes into liver stem cells and hematopoietic stem cells offers a potential therapy for many inher-diac mesoderm. At 9.5 days of mouse gestation, foregut endodermal cells proliferate and migrate into the sur-ited and acquired human genetic and metabolic diseases. In recent years, retroviral vectors have been successfully rounding septum transversum (23). A liver bud is finally recognizable microscopically at embryonic day 10 (E10) utilized for in vitro gene transfer into hematopoietic stem cell (2, 29, 30, 40) . Embryonic liver is a source of of gestation. From E10 onwards expansion of hepatic and hemato-both hepatic and hematopoietic stem cells and therefore represents an attractive model for manipulating gene poietic stem cells is noted. Hepatic progenitors are characterized by the expression of c-kit, alpha-fetoprotein transfer in these progenitor cells. The developing liver is composed of endodermal components comprising hep-(AFP), albumin (ALB), and cytokeratin (CK) (wide spectrum) (5, 7, 24, 31, 36) . Hematopoietic stem cells are atocytes and biliary epithelial cells and mesodermal cells including connective tissue cells, endothelial cells, Kupf-characterized by cell surface expression of high levels of c-kit and CD34 (38) and low levels of CD38 (14), fer cells, Ito or stellate cells, and erythroid cells. Differentiation of the endodermal component of the liver Thy-1 (4,15), CD33 (35), CD45RA, and CD71 (21). We recently identified and cloned Praja-1, a gene encoding occurs by two general inductive steps involving interac-82 MONGA ET AL. liver restricted RING finger protein (26) . PRAJA-1 ex-MATERIALS AND METHODS pression is restricted to c-kit-positive hepatic stem cells Animals and Preparation of Embryonic Tissue and c-kit-negative transitional or immature hepatocytes Specimens and is lost when these cells differentiate further into Harlan ICR mice were used. The age of the embryos mature hepatocytes that are characterized by albumin was determined by days post appearance of the vaginal expression. During mouse ontogeny, primordial hemplug (day 0). Noon of this day was considered 0.5 days atopoietic development occurs in the yolk sac and of gestation post coitus (pc). then hematopoietic cells migrate to the developing Control embryos were dissected at transitional times mid-gestational fetal liver. The fetal liver therefore is between E9.5 and E16.5. Identification and isolation of the major site of liver development as well as hematoembryos were carried out under an operative microscope poiesis and is abundant in both types of stem cells at using atraumatic microsurgical instruments. The em-E10 (32) . bryos were dissected in Dulbecco's modified Eagles Morphogenic patterns of gene expression in stem medium (DMEM). The specimens were fixed in FEA cells of the developing liver from E10 to E14 can also fixative (4% formaldehyde, 85% ethanol, and 5% glacial be studied in vitro (19, 22) . We have modified the in acetic acid) and embedded in paraffin. Sections (7 µm vitro liver explant model functionally to identify signals thick) were cut in the longitudinal or transverse planes that are involved in hepatocyte differentiation (11, using a microtome (Reichert-Jung, Cambridge Ins., 25-28). To further elucidate growth conditions and en-Deerfield, IL). Serial sections were stained with hemarich for hepatocytic and hematopoietic stem cells, we toxylin and eosin as well as with periodic acid schiff cultured embryonic liver explants at E10, E11, and E14.
(PAS) stain for glycogen, as an indicator of differenti-Analysis of these liver explants for hepatic lineage ated hepatocytes. markers revealed a sequential evolution of liver stem cells (c-kit + PRAJA + , CK + , AFP + , ALB + ) to immature or Liver Explant Cultures transitional hepatocytes (PRAJA + , AFP + , ALB + ), mature Day 9.5 liver buds with or without surrounding mesohepatocytes (ALB + ), and primitive bile ducts (CK + ). derm (en bloc dissection) were microdissected as de-We explored the requirements for enrichment and scribed previously (25,26) and cultured on mixed ester expansion of hepatocytic and hematopoietic stem cells, membranes (MCE) (Osmonics, Livermore, CA) for 72 utilizing immunohistochemical labeling and flow cytoh in a humid chamber as described (25, 26) . En bloc dismetric (FACS) on liver explants subjected to different section included 20-30% of embryonic heart tissue. culture conditions. Explants were cultured in the pres-
The medium for the culture was DMEM supplemented ence of hepatocyte growth factor (HGF), Flt-3 ligand, with 10% fetal calf serum, 0.1 mM nonessential amino stem cell factor (SCF), sodium butyrate, dimethyl sulfacids, and 100 U/ml penicillin G sodium, 100 µg/ml oxide (DMSO), dexamethasone, interleukin-3 (IL-3), instreptomycin sulfate, and 0.25 µg/ml amphotericin B terleukin-6 (IL-6), tumor necrosis factor-α (TNF-α), (DMEM+) (Gibco BRL). The explants were cultured at transforming growth factor-α (TGF-α), transforming 37°C in the presence of 5% CO 2 and after 72 h these growth factor-β (TGF-β) or in the presence of varying were fixed as above. quantities of mesodermal (cardiac) tissue.
Explants were cultured separately in the above de-As a preliminary step to discern the usability of scribed medium, supplemented with various combinamouse embryonic liver explant cultures for stem cell tions of growth factors including 2, 5, or 10 mmol sogene therapy, we utilized a retroviral vector expressing dium butyrate (Sigma), 1%, 2%, or 5% DMSO (Sigma), green fluorescent protein (GFP) and the neo resistance 4 µM dexamethasone (Sigma), 1 ng/ml IL-3 (R & D gene (neo) (39). We successfully induced retroviral gene Systems), 2 ng/ml IL-6 (R & D Systems), 8 ng/ml Flt-3 transduction as demonstrated by GFP expression and ligand (R & D Systems), 1, 5, or 10 ng/ml TNF-α, TGFneomycin resistance in these organ cultures. Although α, TGF-β, and stem cell factor (Sigma), 5, 10, or 100 retroviral transduction experiments utilizing fetal hepang/ml HGF (Sigma), and 2.5 µg/ml insulin (Sigma). The tocytes have been performed earlier, this study demonexplants were also cultured in the presence of 25%, strates expansion and enrichment of cultures with pro-50%, 75%, or full heart. genitor cells under specific conditions with increased Immunohistochemical Characterization transduction efficiencies. We demonstrate that altering growth conditions can not only enrich the embryonic An indirect immunoperoxidase procedure was used liver cultures in hepatocytic and hematopoietic stem for immunohistochemical localization of various procells, but also transduction rates differ under different teins in developing embryos and liver explants (6) . Sections, 7 µm thick, were treated in xylene to remove par-culture conditions. affin; the tissue was dehydrated in graded alcohol and with two changes of fresh supernatants every 24 h. Explants were then trypsinized and the single cell suspen-rinsed in phosphate-buffered saline (PBS). Endogenous peroxide was inactivated using 3% hydrogen peroxide sion subjected to FACS analysis. FACS analysis was carried out on a FACScalibur (Becton Dickinson, San (Sigma). Sections were blocked in PBS containing 5% goat serum and 1 mg/ml BSA. The sections were incu-Jose, CA) equipped with an argon ion laser. A standard FITC bandpass filter was used to determine green fluo-bated overnight at 4°C in a humidor with primary antibody diluted to 2.5-5 µg/ml in PBS containing 1 mg/ml rescence intensity. We acquired the FLl-H signal in logarithmic mode, and analyzed the data with CellQuest BSA and 0.05% Triton X-100. Primary antibodies used included rabbit anti mouse alpha-fetoprotein (ICN), software (Becton Dickinson). rabbit anti-mouse albumin (ICN), rat anti-mouse c-kit Immunofluorescent Labeling of Explant Cultures and monoclonal, ACK2 (Kamiya Biomedical), rabbit poly-Flow Cytometric Analysis clonal anti-cytokeratin (Dako), and rabbit polyclonal Single cell suspension of embryonic liver explant culanti-PRAJA-1. Primary antibody used for gut tissue was ture was used for flow cytometric analysis. Standard monoclonal against T cell factor-4 (TCF-4) (Upstate staining protocol with the fluorescent antibodies was Biotechnology) (3, 20) . All further steps were done at used. Cell identification was confirmed using fluoresroom temperature. Four 5-min rinses with PBS containcence-activated cell sorting (FACS) analysis by staining ing 1% goat serum were performed after each successive with antibodies against mouse CD117 (c-kit) (FITC) step. The sections were then incubated with second layer and mouse TER-119/erythroid cells (Ly-76) (PE) (Pharantibody that was diluted in PBS with 1% serum, for 30 mingen). min at room temperature: horse-radish peroxidase conjugated goat anti-rabbit or rat IgG antibodies (Jackson Im-RESULTS munoresearch Laboratories, Inc., West Grove, PA) were Bipotential Stem Cell and Hepatocytic and Biliary used as secondary antibodies. After rinses, 200-500 µl Differentiation in Ex Vivo Embryonic Liver Explants of the insoluble peroxidase substrate DAB (Sigma Fast) was added to cover the entire tissue on the slide. Color
The embryonic livers were cultured after en bloc dissection with surrounding mesoderm (25% of embryonic development was monitored under microscope. After rinsing in distilled water for 2 min, counterstaining was heart) at E9.5-E10 on nucleopore filters for 72-96 h. Liver explant culture in the presence of cardiac tissue performed with modified Harris hematoxylin solution (Sigma) for 30 s, followed by a rinse in distilled water resulted in the proliferation of endodermal cells, which invaded adjacent mesodermal strands, forming hepatic for 5 min. Sections were dehydrated by passage through graded alcohol concentrations and finally xylene. Cover-pseudolobules (25,26). Hematoxylin and eosin-stained sections of ex vivo embryonic explants demonstrated he-slips were mounted using DPX (Fluka labs) before observation. For negative controls, the sections were incu-patocytes in several stages of differentiation. This was similar to differentiation in embryonic liver, including bated with secondary antibodies only.
the presence of hepatoblasts (larger cells with large nu-Liver Explant Cultures, Retroviral Transductions, and clei and scant cytoplasm), immature hepatocytes (inter-FACS Analysis for GFP mediate differentiation), and mature hepatocytes (smaller cells with small nuclei and abundant eosinophilic cyto-Day 9.5 liver buds with or without surrounding mesoderm (en bloc dissection) were microdissected as de-plasm) (25,26). In addition, primitive bile duct formation was also seen in ex vivo explant cultures. Most of scribed previously and cultured on MCE membranes (Osmonics, Livermore, CA) for 72 h in a humid cham-these ducts were lined by a single layer of epithelium but a few were lined by multiple layers of epithelium ber. The generation of GC-GFP-loxp-EN vector and relatively stable retroviral vector-producer cell line has (2-3 cells thick) surrounding a lumen. Well-formed bile ducts lined by columnar cells were also observed. These been described in detail (39). To generate amphotropic retroviral vector supernatant, 4 × l0 6 producer cells were ex vivo liver explants were stable for 7-8 days in culture. seeded into a 75-cm 2 culture flask. The following day, the cells were rinsed and incubated in 10 ml D-10 at E14 mouse livers are composed of a few cells exhibiting stem cell phenotype that label with antibodies 32°C for 24 h and the retrovirus-containing supernatant was collected and used fresh or frozen at −70°C for fu-against c-kit ( Fig. 1A ). C-kit labeled hepatic and hematopoietic stem cells at this stage of development. ture applications. The explants were cultured in the presence of supernatants from GC-GFP-loxP-EN. For cocul-PRAJA-1 labeled hepatic stem cells and transitional or immature hepatocytes in E14 liver (Fig. 1B) . However, tures, the explants were cultured in the presence of feeder cell layer and supernatant. These explants were it did not label stem cells of any other lineage including blood-forming elements. ALB labeled hepatocytes at all cultured at 37°C in the presence of 5% CO 2 for 72 h stages of differentiation including hepatoblasts and im-ment but, as cells differentiated they lost c-kit labeling and retained PRAJA-1 expression. These cells also dem-mature and mature hepatocytes (Fig. 1C ) compared to the negative control labeled with secondary antibody onstrated positive immunoperoxidase reaction to ALB, AFP, and CK. While the cells that lined the PBD labeled only (Fig. 1D ). In liver explants at E13.5 stage of culture, bipotential stem cells were observed lining the with anti-CK, cells farther away from the lumen did not label with anti-CK, indicating a gradient of loss of bili-primitive bile ducts. Immunoperoxidase labeling with antibodies against PRAJA-1 showed PRAJA-1-positive ary potential and progressive hepatocyte differentiation and lineage specification with increasing distance from cells lining the primitive intrahepatic bile duct (PBD) (Fig. 1E ). It appeared that PRAJA-1 labeled a subset of the lumen of the primitive bile duct (Fig. 1K) . AFP labels the bipotential cells lining the PBD and also imma-the c-kit-positive cells at earlier stage of liver develop-ture hepatocytes surrounding the duct. It does not label hepatocytic lineage (Fig. 1H) . We reconfirmed the lineage of these stem cells as these cells labeled positive mature hepatocytes surrounding the immature hepatocytes that are farther away from the PBD (Fig. 1J ). Thus, with ALB, which labels hepatic stem cells as well as mature hepatocytes (Fig. 1I) . Thus, the supplementation the hepatic stem cells expressed PRAJA-1, ALB, AFP, CK, and c-kit only and the immature hepatocytes lost of the growth medium with HGF, Flt-3, and SCF resulted in expansion of committed hepatic stem cells in c-kit and CK labeling while retaining PRAJA-1, ALB, and AFP staining (Fig. 1L) . Later in the differentiation embryonic liver at E13.5 days of development. process, PRAJA-1 and AFP staining is also lost, while Addition of Dexamethasone, Sodium Butyrate, DMSO, retaining the expression of ALB throughout the differen-IL-3, TNF-α, TGF-α, and TGF-β Resulted in tiation gradient.
Characteristic Hepatocytic and Bile Duct Phenotypes Addition of HGF, FLT-3 Ligand, and SCF Resulted in
Addition of sodium butyrate to these E13.5 explants an Expansion of LSC resulted in formation of multilayered ductal structure. These multilayered ducts (MBD) were seen to form as In the presence of HGF (5-10 ng/ml) in the liver explant culture at E13.5, well-defined pseudolobule for-a solid tube with degeneration of cells in the middle, giving rise to a lumen. In the presence of DMSO, there mation with progressive differentiation occurred, with persistence of small populations of PRAJA-1 expressing was increased differentiation and proliferation of hepatocytes, but at the cost of their apoptosis. Sheets of cells around primitive bile ducts only (Fig. 1F ). Two or three layers away from the cells lining the lumen, well-apoptotic hepatocytes were observed. Interestingly, no bile ducts formed in the DMSO-treated explants. Apop-differentiated and mature hepatocytes were observed, characterized by expression of ALB (data not shown).
tosis in hepatocytes was confirmed by cell morphology and by the presence of numerous apoptotic nuclei on Interestingly, compared to HGF alone, supplementation of the culture medium with HGF, Flt-3, and SCF TUNEL staining (Fig. 2B ). Addition of 4 µm dexamethasone in the culture medium increased bile duct and he-demonstrated expansion of the stem cell population. Large cells with stem cell-like morphology demonstrat-patocyte differentiation with pseudolobule formation (Fig. 2C ). Very few hepatoblasts were observed. The ing larger nuclei and abundant cytoplasm were seen in groups in increased numbers, occupying most of the em-presence of IL-3 in the culture led to formation of ductal structures resembling primitive gut-like structures lined bryonic liver culture. In order to establish the commitment of the stem cells, we performed immunohisto-by a single layer of epithelial cells (Fig. 2D) . These epithelial cells labeled positively with anti-TCF-4 antibody, chemistry with several markers. These cells labeled with c-kit, confirming their stem cell morphology (Fig. 1G) .
confirming the primitive gut morphology of this tubular epithelium ( Fig. 2E ). Flt-3 induced hepatocyte prolifer-These cells also labeled for PRAJA-1, discerning their ation and differentiation (Fig. 2F) . Adding TNF-α to the natants from GC-GFP-loxP-EN. Fluorescent microscopy demonstrated cytoplasmic labeling of GFP of transduced culture medium resulted in increased bile duct formation. Prominent apoptotic cells were also observed ( Fig. hepatocytes when the embryonic liver explants were cultured in the presence of supernatant from GC-GFP-loxP-2G). Liver explants cultured with TGF-α in the medium exhibited disorganized hepatocytic proliferation with EN ( Fig. 2K ). With these cultures, the transduction efficiency ± SE was 10.25 ± 3.3% (Fig. 2L) . The efficiency formation of very few bile ducts (Fig. 2H ). TGF-β addition to the medium induced prominent bile duct forma-was increased by 4-5.5% with addition of Flt-3 ligand (100 ng/ml) in the coculture. The transduction efficiency tion and development of clumps of large hepatocytes (Fig. 2I) . Additionally, prominent blood lakes were also increased twofold on addition of HGF (100 ng/ml) to the coculture. observed (not shown).
Inclusion of Increased Mesodermal Tissue or DISCUSSION TGF-β in Dissection and Culturing Livers at a Later
Hepatocyte transplantation is now being done suc-Stage (E12.5) Resulted in Formation of Increased cessfully to sustain liver function in patients awaiting Blood Tissue liver transplantation (33, 34) . It not only provides tempo-The en bloc dissections for all cultures described rary liver function in patients but has also shown to be above included 20-30% of the heart in order to provide curative in certain metabolic conditions (17) . While this the required mesodermal tissue for the explants to grow.
procedure is showing promising approach and may be Inclusion of greater portions of embryonic cardiac tissue even an alternative to orthotopic liver transplantation, (50-100%) in the explant led to the lack of liver formashortage of donor organs for hepatocyte isolation still tion and development of increased proportion of erythremains one of the limiting factors. One attractive soluroid tissue, in the form of blood lakes (Fig. 2J ). Hightion to this problem would be expanding a small number power views show that these blood lakes were composed of hepatocytes in culture to quantities that would be adeof numerous cells with erythroblast and nonnucleated quate for therapeutic application. Utilizing the above red blood cell-like morphology. Antibody to mouse culture conditions, we have been able to enrich the em-TER-119 (PE conjugated), an erythrocyte marker, was bryonic liver explants with hepatocytic stem cells. Thus, used to label these cells and FACS analysis provided a even after 96 h of culture that parallels E14 stage of more quantitative estimate of the development of erydevelopment we were able to not only sustain but also throid lineage cells in these experiments ( Fig. 2J and expand the hepatocytic stem cell population. This is a not shown). The results revealed 80% increase of the step towards generating nontumorigenic immortalized erythroid population by FACS analysis upon addition of hepatocytic stem cells that might be able to differentiate further mesodermal tissue. Blocks cultured in the presinto increased number of functioning hepatocytes. More ence of TGF-β also formed increased blood lakes, as experiments need to be done to optimize this system. stated above.
A major obstacle to successful retrovirus-mediated gene therapy for hematopoeitic disorders has been the Culture of Liver on Polycarbonate Membrane low efficiency (less than 1%) of gene transfer into Promotes Ductal Differentiation CD34+ cells, with a tendency for these cells to be in the We cultured the E10 livers in the same media utiliz-G 0 or G 1 phase of the cell cycle (29) . With this in view, ing transwell polycarbonate membranes (Corning Costar stem cell cycling and efficiency of transfer have been Corp.). Morphologic analysis with hematoxylin and eoincreased by the addition of growth factors such as ILsin showed formation of extensive duct-like structures 1, SCF, or IL-6 (8-10,13). A combination of IL-3 and (not shown). The hepatocytes were well differentiated IL-6 shortens the G 0 period of progenitor cells and inand there were very few hepatoblasts. These ducts had creases entry into the cell cycle (1, 37) . A combination of a clear central lumen, lined by a single layer of tall co-IL-3 and IL-1α has been shown to induce hematopoietic lumnar cells. This pattern of ducts was present consisprogenitor proliferation. More recently, a subset of tently in all livers cultured on polycarbonate membranes c-kit −hi FR35 lin − hematopoietic progenitors with a high irrespective of presence of any growth factor or cytokine transduction efficiency has been identified (30) . As the in the growing medium. majority of the cell population we investigated was c-kit positive, our studies may reflect the higher transduction Transduction Efficiency of the Ex Vivo Explant efficiency seen, and these progenitors may represent Cultures With Retroviral/GFP Vector good candidates for gene therapy trials.
GC-GFP-loxP-EN
Additional studies are needed to determine the integration patterns into the genomes of individual colony Comparative FACS analysis was performed on liver explant cells transduced with either coculture or super-forming units-spleen (CFU-S) in transplantation recipi- 
